Abstract-We describe the implementation and detailed characterization of a laser-triggered field-emitter electron source integrated into a modified transmission electron microscope. Specifically, localized linear photoemission from the front facet of a tip-shaped ZrO/W(100) Schottky emitter is employed, yielding electron pulses with a spectral bandwidth of 0.6 eV and pulse durations down to 200 fs (full-width-at-half-maximum). Furthermore, transverse electron beam properties are characterized for a range of TEM illumination conditions by caustic measurements of the focused beam in the sample plane of the electron microscope, demonstrating a beam emittance down to 1.8 nm·mrad, photoelectron probe sizes below 1 nm and a degree of transverse coherence exceeding 10 %. The electron pulse properties achieved here enable ultrafast high-resolution phase-contrast imaging and Lorentz microscopy, electron holography and spatially-resolved electron spectroscopy, allowing for a comprehensive mapping of ultrafast processes in nanoscale systems.
I. INTRODUCTION
In recent years, ultrashort electron pulses derived from laserdriven photoelectron sources have enabled ultrafast electron diffraction experiments, yielding unique insights into structural dynamics down to femtosecond timescales [1] . Time-resolved electron microscopy [2] - [8] promises to extend these capabilities to the imaging of ultrafast nanoscale dynamics. However, to make full use of the spatial resolution of state-of-the-art transmission electron microscopes, highly coherent electron pulses are required, demanding advanced photocathode concepts. A particularly auspicious approach is the electron emission from needle-shaped photocathodes [9] - [12] , for which the emission is confined to nanometer sized areas, resulting in highly-coherent electron beams.
II. DEVELOPMENT AND CHARACTERIZATION OF LASER-TRIGGERED FIELD EMITTER
In the Göttingen ultrafast transmission electron microscope (UTEM), we make use of single-photon photoemission from a laser-driven Schottky field-emitter based on a single-crystalline (100)-oriented tungsten needle covered with a ZrO-overlayer.
Such an emitter type without laser excitation is widely used as a high-brightness continuous electron source [13] , operated at an elevated temperature of about 1800 K and with an applied electric extraction field in the range of 0.5-1 V/nm. The ZrO overlayer selectively reduces the workfunction of the (100) front facet down to below 3 V. For its use as a photocathode, we decrease the emitter temperature so that thermal electron emission is suppressed. Illuminating the tip with femtosecond laser pulses at a central wavelength of 400 nm (Fig. 1a) yields electron pulses with a narrow spectral width of 0.6 eV and a pulse duration of 200 fs (full-width-at-half-maximum) (Fig. 1e,f . The photoelectron current scales linearly with the incident fluence, enabling a broad tunability of the temporal electron pulse structure by the incident light field.
Caustic scans for different settings of the TEM condensor lens system enabling few-nm and sub-nm focus conditions (Fig. 1b,c) were performed to quantitatively characterize the beam brigthness. Additionally, we determine the transverse beam coherence using either the interference fringes generated by a Möllenstedt biprism (Fig. 1d) or the electron diffraction from a 463-nm period grating structure. Depending on the electron illumination conditions, transverse coherence lengths exceeding 1 µm are obtained (Ref. Fig. 1g ).
The present photoelectron beam properties enable a wide variety of TEM techniques, including high-resolution imaging and diffraction, Lorentz microscopy and electron energy loss spectroscopy, rendering UTEM a unique tool to comprehensively map ultrafast nanoscale processes in multiple degrees of freedom. Furthermore, the interaction of fast electrons with intense optical near-fields [5] , [14] , [15] establishes quantum coherent control of free electron pulses to tailor the longitudinal and transverse electron beam properties by light [5] , [16] .
